The behaviour and failure of carbon nanotubes (CNTs) under cyclic loading conditions are of high interest because of the potential use of CNTs as nanoscale building blocks of synthetic biomaterials, electromagnetic devices or polymer composites. Very limited work has been reported on this topic, although substantial research has been published on the mechanical strength, plastic deformation and failure mechanisms of CNTs. The authors show theoretically for the first time the stress -strain behaviour of CNTs under cyclic tensile and compressive loads by numerical simulation. Nonlinear elasticity, preconditioning (stress softening) and hysteresis characteristics have been reported most recently on multiwalled CNT blocks. It is found that elastic instability (local and global buckling) has a large influence on the stress -strain behaviour of CNTs under cyclic compression, whereas the cyclic strength remains unchanged under cyclic loading. The residual defect-free morphological deformation is considered as the primary mechanism responsible for the cyclic failure of CNTs.
Introduction
In recent years, quantum and classical molecular dynamic (MD) simulations have achieved large success in the investigation of nanoscale strength, plastic deformation and failure mechanisms of carbon nanotubes (CNTs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . It was shown that CNTs under axial compression continuously buckled into a series of morphological patterns, with each pattern corresponding to an abrupt energy release and singularity in the stress-strain curve [2, 10] . These severely distorted configurations can be caused by purely elastic deformation and predicted by a continuum shell model beyond linear response [2] . A recent study using ab initio tight-binding method revealed a novel nanoplasticity mechanism in which bonding geometry collapses from a graphitic (sp 2 ) to a localised diamond-like (sp 3 ) reconstruction [8] . Depending on tube symmetry, diameter, temperature and strain level, brittle and ductile failure modes of CNTs subjected to a tensile load have been identified. Pentagonheptagon pair defects triggered by Stone-Wales transformation [13] in an armchair tube are the major mechanisms of nanoplasticity and are thermodynamically favoured at high temperatures and low strain levels [5, 9] . These topological defects also serve as nanoscale metal/semiconductor or semiconductor/semiconductor junctions that alter the electronic structures of CNTs [14, 15] . On the other hand, brittle bond-breaking failure, which does not require any thermal agitation, is more inclined to occur in a zigzag tube at low temperatures and high strain levels. Excellent work has been done to quantify the dependence of failure modes and yielding strain on chiral symmetry, tube diameter, temperature and test duration [9] .
Despite these significant findings, little is known about the theoretical strength and breaking strain of CNTs subjected to cyclic loading. Limited studies on this topic are focused on the fatigue failure strength and mechanisms of nanotubes in CNT/epoxy composites under cyclic tensile load [16] [17] [18] [19] . In these studies, cyclic loading is applied by subjecting CNTs to negative and positive voltages at a specified frequency using in situ transmission electron microscopy (TEM). A most relevant work recently reporting on fatigue resistance of vertically aligned CNT arrays under cyclic compression shows viscoelastic behaviour characteristic of softtissue materials [20] . No fatigue failure is observed under cyclic compressive loading up to half a million cycles at high strain levels. Super-compressible foam-like behaviour of CNT films has also been observed under cyclic compression up to 2000 cycles, with the buckles unfolded and recovered to their near original length [21] . The high cyclic stress of CNTs, as well as their remarkable fatigue resistance, suggests great potential as building blocks in synthetic fatigue-resistant biomaterials and polymer composites with high fracture toughness [16, 18, 20] .
This Letter presents the results of a theoretical study of the yielding strength and strain of zigzag CNTs subjected to cyclic axial compressive and tensile load. Classical MD simulations employing the Tersoff-Brenner many-body potential [22, 23] have been used in this study. This potential accurately represents the lattice constants, binding energies and elastic constants of both graphite and diamond, and has proven capable of reproducing brittle and ductile failure patterns of CNTs with very good agreement with results obtained using more accurate ab initio simulations [4] . The focus of the current study is to investigate the variation of elastic yielding strength and strain of zigzag tubes under the influence of cyclic loads and elastic instability (i.e. local and global buckling under axial compression). Since no thermodynamic effects are considered in the current study, the purely mechanical bond-breaking failure mode governs the yielding behaviour of CNTs under axial tension. Fig. 1 shows the stress -strain curve of a 4 nm-long (11, 0) tube with a total number of 440 atoms under cyclic tensile loads. The tube is first relaxed without any external load to an equilibrium state. In each loading cycle, the straincontrolled method is used in the loading process by shifting the atoms constituting the outermost zigzag lines at both ends along the axis at small displacements. The stresscontrolled method is used in the unloading process by releasing at each step a small fraction of the final load exerted on the end atoms at the end of loading process. The atomistic finite element method (AFEM), an innovative MD simulation technique developed by Liu et al. [24] is used to optimise the structure until a stable configuration is reached. AFEM is an N-order method and proves much more computationally efficient than the conventional N 2 -order conjugate gradient method [24] . However, since AFEM only gives the final converged solution, the timeevolution process of the structural change cannot be represented well.
MD simulation results
In Fig. 1 , the tube sustains about 35% tensile strain under a maximum stress of 1140 GPa in the first loading before brittle bond breaking first occurs at the middle of the tube. A smooth nonlinear curve without any local atomic defect is obtained. Further loading leads to a series of intermediate metastable, lattice-trapped states before complete failure with distinct local energy minima, featuring one or more broken bonds in the loading direction [5, 9] . Numerically, structural simulation never converges in this failure process. An interesting observation here is that an axial compressive stress is required initially to produce a tensile strain up to 4%. This is because of the lattice structure reorganisation resulting from the specified displacements of selected degrees of freedom.
Unloading of the tube is started right before the brittle failure occurs. The first unloading takes a distinct path almost parallel to the loading curve, leaving about 6% residual strain in the structure upon complete removal of external loads. This residual strain is a result of the elongation of C-C bonds along the tube axis from 0.145 nm before loading to 0.147 nm at the current state. It alters the intrinsic structure of the tube and serves as an enhancement of the capability of the tube to resist greater stresses and strains, as evidenced by the second loading. The stress path in the second loading is perfectly parallel to that of the first loading and unloading, but the yielding strain and stress are increased to about 38% and 1370 GPa, respectively. The second unloading curve, after
To this point, the stress -strain curve in the second loading cycle forms an enclosed hysteresis loop, which is repeated exactly over and over again in the subsequent cycles. This result provides additional support to the extreme fatigue resistance of the CNT within its elastic limit.
Differing from the irrecoverable transformation caused by the dislocation dipole of 5/7/7/5 pair or bond-breaking of the CNT under axial tension, axial compression of the CNT typically leads to local or global buckling and pinching. These defect-free morphological changes are mainly because of elastic deformation and can almost be recovered when external loads are released [1, 2] . In this study, the effects of pre-and postbuckling structural changes on the cyclic strength and strain of zigzag tubes have been investigated. The results are discussed in the following paragraphs. Fig. 2 shows the cyclic stress-strain behaviour of a 4 nm-long (14, 0) tube under axial compression. A linear response holds in the first loading cycle until the maximum compressive stress of 490 GPa is reached at 4.3% strain. Thereafter strain-softening is initiated by local buckling at the both ends of the tube, as shown in Fig. 3a . The first unloading of the tube starts right before the global buckling occurs. The unloading curve is almost smooth except for a single singularity followed by a nonlinear path that gradually becomes parallel to the linear loading path. This singularity corresponds to the restoration of local buckling deformation, which is represented by AFEM as the two morphological states before and after restoration connected by a horizontal line. After the load is totally released, all the morphological deformations have been recovered, as shown in Fig. 3b . However, a negative (i.e. tensile) residual strain of 1.8% is created in the tube. Similar to the case of axial tension, the residual strain is a result of the adaptation of the tube to the compressive load. It enhances the resistance of the structure in the subsequent cycles.
The second loading cycle forms a much larger hysteresis loop that encloses most of the virgin loading curve, with the unloading eventually overlapping the first unloading path. The maximum stress is increased to over 530 GPa at a yield strain of 3.8%. Considering the residual tensile strain, the actual accumulated strain at yielding is close to 6%, also larger than that of the virgin loading. Thereafter a typical preconditioning (stress softening) behaviour of CNTs is observed, as indicated by a progressive reduction of yielding stress and strain in the subsequent loading cycles. This is in large contrast to the absence of strength loss of CNTs under cyclic tensile loads that has been observed in previous studies. The stress -strain hysteresis loop starts to shrink from the third loading cycle, and is eventually reduced in the ninth loading cycle to a final-sized loop that is repeated in the later loading cycles. The final yielding strength is about 390 GPa and the corresponding accumulated yielding compressive strain (including residual tensile strain) is about 2.9%. It should be mentioned that failure of the CNT in the second and later loading cycles is caused by the collapse near the ends of the tube, where local buckling occurs in the virgin loading. Global buckling as an alternative of structural yielding has been eliminated because of the memory of local buckling in the virgin loading.
What will happen in the subsequent cycles after the global buckling occurs? The results are shown in Fig. 4 . A large strain-softening drop indicating the sudden loss of the capability of the tube to sustain compressive loads is observed in this event of elastic instability. The compressive stress is lowered to less than one-third of that before buckling. The buckled tube is shown in Fig. 3c . Unloading of the tube immediately from this point goes through a much less smooth path, which overall is still parallel with the virgin loading curve but features a series of horizontal leaps caused by atomic rearrangements to restore buckling deformation. The largest leap restores an axial strain of 4.5%, putting the structure to a negative (i.e. tensile) strain level. At the end of the unloading, a negative strain of 2.4% is left in the tube. Although all the compressive strain is recovered, as in the case of first unloading before global buckling, the morphological change of the tube has not been restored completely, with symmetric pinches remaining in the middle of tube, as shown in Fig. 3d . This irrecoverable deformation suggests another mode of plastic morphological change involving no atomic defects as a result of structural instability.
The resistance to compressive loads is severely impaired by the residual plastic deformation, as shown by the response under the second and third loading cycles in Fig. 4 . An enclosed olive-like hysteresis loop located entirely on the negative strain side is formed and followed in the second and later loading cycles. The tube sustains only 1 -2% compressive strain before structural collapse takes place, with the yielding stress around 290 GPa, and suffering a 40% strength loss as compared with the virgin loading.
Discussions and conclusions
We have presented above the typical stress -strain behaviour of zigzag tubes subjected to cyclic tensile and compressive loads. Characteristic behaviour of CNTs such as hysteresis, preconditioning and nonlinear elasticity has been observed in both simulations, as has been reported most recently on multiwalled CNT blocks under cyclic compression [20] . However, it should be noted that our results are based on the simulation of a single CNT as opposed to the collective behaviour of aligned CNT arrays in [20] . This suggests that the viscoelastic behaviour should be explained by the intrinsic geometric and mechanical characteristics of the tube structure itself, rather than by the interaction (e.g. long-range van der Waals interaction) and thermal energy transfer betweens nanotubes and their surroundings. Further explanations are given below. In the compression simulation, although the local buckling deformation before global buckling is all recovered upon first unloading, the memory of this structural instability will be revoked when the tube is reloaded to the critical strain level. As a matter of fact, although the stress path goes back to the same point at the end of all unloading processes, the residual pinching deformation at the direction of tube diameter starts to accumulate upon the completion of second unloading. These accumulated permanent deformations are the major cause of progressive loss of tube strength, that is preconditioning of the CNT. However, an upper bound exists in the accumulated permanent deformation since there is a lower bound of the cyclic strength. As an extreme case, large pinching deformation is retained in the unloading after global buckling occurs, leading to the immediate significant loss of its strength. In contrast, in the tensile simulation, since no residual morphological deformation is retained upon unloading, the tube exhibits extreme cyclic resistance within its elastic limit, with the yielding stress and strain remaining intact under the cyclic deformation of the structure.
In conclusion, the behaviour of cyclic strength and strain of zigzag tubes is largely influenced by the loading manner within their elastic limits. It is concluded that the residual defect-free morphological deformation as a result of structural instability is the primary mechanism responsible for the cyclic behaviour of CNTs. It is our future objective to study the quantitative relation between the cyclic strength of a CNT and its accumulated permanent defect-free deformation.
